Rational design of protein structure requires the identification of optimal sequences to carry out a particular function within a given backbone structure. A general solution to this problem requires that a potential function describing the energy of the system as a function of its atomic coordinates be nminiized simultaneously over all available sequences and their three-dimensional atomic configurations. Here we present a method that explicitly minimizes a semiempirical potential function simultaneously in these two spaces, using a simulated annealing approach. The method takes the Fixed three-dimensional coordinates of a protein backbone and stochasticafly generates possible sequences through the introduction of random mutations. The corresponding threedimensional coordinates are constructed for each sequence by "redecorating" the backbone coordinates of the original structure with the corresponding side chains. These are then allowed to vary in their structure by random rotations around free torsional angles to generate a stochastic walk in configurational space. We have named this method protein simulated evolution, because, in loose analogy with natural selection, it randomly selects for allowed solutions in the sequence of a protein subject to the "selective pressure" of a potential function. Energies predicted by this method for sequences of a small group of residues in the hydrophobic core of the phage A cI repressor correlate well with experimentally determined biological activities. This "genetic selection by computer" approach has potential applications in protein engineering, rational protein design, and structure-based drug discovery.
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The identification of sequences with optimal stabilities or activities within the three-dimensional framework of a protein fold is required for de novo rational design of protein structures (1) and activities (2) and engineering of altered enzyme specificity (3) . It is also needed to analyze or predict from first principles the results obtained from powerful empirical design approaches in which desired sequences of proteins with altered stabilities or activities can be isolated from large libraries of candidates by direct selection or large-scale screening techniques. Such methods have found application in the study ofprotein folding and stability (4) , the preparation of catalytic antibodies (5) , and the isolation of ligands from peptide or protein phage display libraries (6) .
Thermodynamic cycle-perturbation methods (7) have been used to construct the free energy difference between two preselected sequences. Rapid minimization methods have been developed to calculate approximate free energies of a larger number of preselected sequences (8) . Such methods provide solutions to the problem of finding minima in configurational space and allow comparisons between sequences but do not in themselves select minima in sequence space. Simpler, all-or-nothing, hard-sphere potentials have been used to explicitly explore sequence space in the hydrophobic core of a protein (9) and for the design ofnew active sites (10) .
The protein simulated evolution (PROSE) approach presented here surveys sequence and conformational spaces by generating stochastic walks in a known three-dimensional protein structure. Each configuration is evaluated using a semiempirical force field describing the interatomic interactions. The simulated annealing approach (11) is used to progressively eliminate sequences with unfavorable energies until, at the end of the simulation, only one sequence located at or near the global minimum remains.
To evaluate the effectiveness of this approach, we have used the extensive mutagenesis studies of the hydrophobic core in the N-terminal DNA binding domain of the phage A cI repressor protein (12, 13) . In one such study (13) , three core residues (Val36, Met40, Val47) were mutated simultaneously to one of Leu, Ile, Met, Phe, or Val to create combinatorial libraries ofrepressor sequences with varying degrees of activity. We have simulated this experiment by carrying out PROSE runs in which these three core residues were free to mutate in the three-dimensional structure of the A repressor, while keeping the surrounding sequences fixed.
In a previously published method to predict the behavior of the same experimental data set, structures corresponding to each of the 78 experimentally obtained sequences were minimized individually (8) without explicit consideration of minimization in sequence space. In a different approach, an empirical set of rules was successfully devised to rank the sequences in an order that correlates with biological activity (14) . METHODS Simulated Evolution Algorithm. In the simulated annealing approach (11) , random walks are constructed in the search spaces of interest by generating a successive series of trial configurations (in this case, different sequences and side chain conformations). The standard Metropolis algorithm is used to decide whether a move is allowable (15) based on the energy difference (AE1 = Ej -Ei-1) between the trial configuration energy (E,) and the last accepted configuration (Ei-1). IfAE, is negative, the move is accepted; otherwise, the trial configuration is evaluated according to the Boltzmann distribution and is accepted only if p < e-AEi/keTn (where p is a random number in the interval [0 . .. 1], T, is the annealing temperature of the system, and kB is the Boltzmann constant). The system starts at high Tn and is slowly cooled (Tn+1 = kTU, k < 1). At each temperature, a large number of trials is carried out until the system has equilibrated.
Starting with the three-dimensional coordinates of a protein, the PROSE algorithm generates moves in sequence space (S) by randomly mutating the positions that are allowed to evolve. Each time a trial mutation is made, the change in Abbreviation: PROSE, protein simulated evolution.
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Biochemistry: Hellinga and Richards sequence space is propagated to the corresponding threedimensional configurational space by replacing the atoms of the previously accepted amino acid side chain with the atoms of the trial side chain. Torsion angles are inherited when possible or assigned random preferred rotamers if the new trial side chain has more torsion angles.
The walk in conformational space is generated through randomly assigned movements of side chain torsional angles. These movements are subdivided into rotamer space (R) in which torsional transitions are made between known preferred side chain positions (9) In a given trial, moves in all three search spaces (S, R, V) occur simultaneously at all evolving positions and mobile torsional angles according to the assigned probabilities and random numbers. The scales of the effects on the energy function of movements in each of these three search spaces are not equivalent. The three searches are therefore balanced using a relaxation mechanism that dissipates unfavorable interactions generated by the accepted movements in one space through movements in other spaces where the energy scales are presumed to be smaller. Thus an accepted mutation is fine tuned by temporarily halting further moves in S at the mutated residue position until r trials have been executed in R. Mutations at other positions may still occur during this period until they too are briefly halted, depending on their fate. Similarly, accepted rotamer changes in a particular torsional angle are fine tuned by halting further movement in R for that angle until v trials in vibrational space have been executed to dissipate possible bad contacts.
The Potential Function. The stability of a sequence i is the difference in energies between its native, N(i), and unfolded, U(i), states:
where AEsolvaion(i), AEeun~trVY(i), AEnb N(i), and AEcvN(i)
are terms due to changes in the solvation, entropy, nonbonded interactions, and covalently bonded structure between the unfolded and native states of the protein, respectively. The energy differences between two sequences i and j is given by the following thermodynamic cycle:
This thermodynamic linkage allows the difference in the stabilities oftwo sequences to be described by two equivalent forms: the natural difference of their stabilities AAEu-N(i-+j) = AEu-N(j) -AEUN(i) [2] and a second form that does not reflect chemical reality but is accessible to the "alchemic" moves made by the PROSE algorithm AAEu N(i j) = AEN(i > j) -AEU(i j).
[3] The cycle can be written as the sum of the differences of each component AAEU N(i-j) = AAEsuOvaIon(iq j) + AAEentpy(-j) + AEn yN(i -j) + AA EC" (i-j). [4] Each of these terms is subject to the thermodynamic linkage relationship and can therefore be calculated by equations analogous to either Eq. 2 or Eq. 3.
The contribution ofthe solvation term to the folding energy of a sequence i, n residues long, can be given as (16) k=n AESlvation= g(Au(k) -AN(k)).AG Osel (k), [5] where AGsalion(k) is the free energy of transfer between water and octanol of a model compound corresponding to residue type k (taken from ref. 17 ), Au(k) and AN(k) are the solvent-accessible area of k in the native and unfolded states, respectively, and g is a function converting this area to energy (16) . In the simulation of the repressor hydrophobic core, each residue is assumed to be fully solvent accessible in the unfolded state and fully buried in the native state, so that AN(k) = 0 and g(Au(k)) = 1. The contribution of the solvation term to the energy differences of the sequences therefore becomes
k=l k=l [6] However, note that these approximations may introduce significant errors due to the context dependence of the hydrophobic effect in single-site mutations (18, 19) and to the unknown structures of the unfolded state (20) .
The loss of entropy upon formation of the folded protein is an important (opposing) contribution to the stability of a protein (21) . Since neither glycine nor proline is being considered, the main chain entropy was assumed to be unaffected by the sequence changes. Loss of side chain entropy upon burial is reflected by the degrees of rotational freedom in the native and unfolded state of all the side chains k. By classical definition of entropy (22) k-n (pN (k, i)) [7] where Tis the physical temperature ofthe system (310 K; not to be confused with the annealing temperature), pN(k, i) is the freedom of the side chain in the native state, and ptdk, i) the number of accessible rotamers in the unfolded state, which can be taken to be the total number ofknown rotamers. These are calculated assuming that all movable side chain torsional angles have three allowed positions without correlations between angles (pu(Val) = 3, pu(Ile, Leu, Phe) = 9, pu(Met)
Only the van der Waals interactions were taken into account to calculate the nonbonded interactions. The coulombic interaction term was ignored, since only uncharged residues were used in this simulation. The differences in stabilities ofthe sequences due to the nonbonded interactions were determined using AA&En (i-j) = _E_>W(jj) -AEvW(y ]) [9] AENdw(i j) is obtained directly from the simulation by evaluating a 6-12 potential with parameters obtained from the CHARMM (23) force field. AEv)w(i -*j) is assumed to be 0, subject to the same caveats as the solvation term (18) (19) (20) . The energy of covalent bonding is assumed to be identical in both folded and unfolded states, so that AAECU VN(i -*j) = 0.
RESULTS
The Simulations. Five independent runs with PROSE were carried out to simulate the mutagenesis experiments of the hydrophobic core of the A repressor (12, 13) . The coordinates of the crystal structure of the repressor-operator complex were used (24) . The probability that a mutation could occur in a trial at each ofthe three positions that were free to evolve (Val37, Met4O, Val47) was set to 0.3. Bad contacts between this evolving core and its surroundings (Fig. 1) were partially relaxed in a shell ofneighboring residues, which could vibrate (movements in V only). The probability that a move would occur in a given torsional angle (in R or V) was set to 0.3.
The simulation was started at kBTo = 2000 kcal/mol by completely randomizing the sequence and torsional angles of the evolving core. One hundred successive temperature steps were taken, in which the temperature was lowered by 10% decrements (k = 0.9). Five thousand trials were carried out per temperature step. Accepted movements in S were relaxed with five trials inR (r = 5). Movements inR were relaxed with five trials in V (v = 5). The sequence and coordinates of the best configuration found in an ensemble generated at a given temperature were used to initiate the next temperature step. Five independent simulations were carried out. Each required approximately 100 hr on a NeXT work station.
Convergence Properties. To analyze the convergence of the system in sequence space, the number of uniquely different accepted sequences, or "sequence diversity," was counted for each ensemble generated at a given annealing temperature (Fig. 2) . The diversity decreases as the annealing temperature is lowered until only one or two sequences at or near the global minimum remain. In all simulations the surviving two sequences are Val36-Met40-Val47 and Val36-Met4-Ile47 (Table   475- . Each point represents the number of unique, allowed sequences (sequence diversity) that were encountered in an ensemble of allowed configurations generated at a particular temperature from a total of 5000 trials. The simulations were started at such high temperatures that there is no effective discrimination between sequences. In this pretransition region, the diversity remains constant as a function of temperature and is a function of the number of trials. At a certain temperature [log(kgT) -2.65], the simulation begins to discriminate between sequences, and the diversity of the system starts to decrease until convergence is reached and only one or two sequences remain [log(kgT) -0.15].
1). The former is the wild-type sequence, and the latter is a slightly temperature-sensitive single-point mutant. The simulations therefore converge consistently on meaningful sequences that would also have been obtained by a genetic selection experiment at 37°C. Since the simulations start off from a random sequence, there is no a priori bias toward the wild-type or any other sequence. Sequence Spaces. During the simulation, an estimate is built up of the energy distribution for all sequences that have been encountered. For each sequence i, an estimate of the lowest energy configuration or "ground state" is determined from its best energy, Enn(i), found in the simulation regardless of annealing temperature. Since ground states are independent of temperature, they can be used to compare sequences. Fig. 3 shows a representation of sequence spaces for each of the five independent simulations. The behavior of the predicted energies of these five sequence spaces is very similar, showing two classes of sequences separated at some critical sequence, sc. To the right of sc the sequences do not fit well into the evolving core, and their energies rise steeply. To the left of sc, the sequences fit much better, and sequence space is approximately linear with a slope of -0.4 kcal/mol per sequence. The sequences with optimal packing arrangements in the hydrophobic core are located at the leftmost extremum.
The 78 sequences obtained experimentally have been characterized in vivo at four temperatures by determining their ability to repress five phage strains that differ in their operator sequences (13) . To compare calculated sequence spaces with their experimental ordering, the biological activities associated with each repressor were converted into a single activity metric, A, which reflects DNA binding weighted by apparent protein stability: Ai = n26 + 5n30 + iOn37 + 15n42, [10] where n. is the number of different phage strains that were repressed at 260C, 300C, 370C, and 420C, respectively, by each repressor i. The weights assign a unique number to all measurable biological activities, allowing the sequences to be arranged in a relative rank ordering. The correlation between the rank orders of the calculated sequence space and the experimental space is also indicated in Fig. 3 . The sequences with the highest biological activity tend to have the lowest predicted energies. The predicted positions in sequence space of the 47 sequences that have not been characterized experimentally are roughly equally distributed and are predicted to be separated by the position sc into active (left of sc) and inactive (right of sj) sequences.
A detailed examination of the predicted optimal sequences (Table 1) shows that the three experimentally most active sequences are always located within in the top 5-10 sequences ranked by their Emn, values, with the wild-type sequence being located within the top 1 or 2 sequences. Beyond the correlation of these near-optimal sequences, there is a large-scale correlation indicated by the clustering of inactive sequences in the high-energy region. The overall rank order correlation coefficient calculated by Spearman's method (25) ranges from 0.86 and 0.89 for the five simulations.
DISCUSSION
Analysis of sequence and conformational spaces by statistical mechanical methods has led to new insights into general relationships regarding the nature and size of sequence space that can fold into unique structures (26) (27) (28) . In contrast to these general approaches, PROSE produces a specific, detailed model that can be used as the basis for experimental work as a tool in the rational construction of new proteins.
Five independent runs showed that the PROSE procedure consistently converges on the original wild-type and other sequences of high biological activity. If this approach had been used to design sequences in a protein engineering experiment, synthesis ofthe top 5-10 sequences chosen from any of the simulations would have yielded a family of active, stable proteins.
The predicted rank order is dependent on the energy terms used and the degree of sampling of the sequences. Sampling errors are illustrated by the internal consistency of the sequence space rank orderings obtained in independent simulations. Table 1 shows that the same two sequences are consistently identified as the global minimum. The next 10-15 sequences obtained in the simulations are very similar, although their internal order is less well determined. This is not surprising, since the average energy difference between successive sequences is only 0.4 kcal/mol. The relative magnitudes of contributions by the van der Waals, entropy, and solvation terms to the energy differences between two sequences also determine the rank ordering. Although the absolute magnitudes of these three terms are not the same, the magnitude of their differences between two successive sequences is. Inclusion of both the entropy and solvation terms was found to improve the correlation between predicted energy and biological activity (data not shown). The procedure has achieved good segregation on a coarse level by producing a clear separation between active and inactive sequences. Even at a finer level there is still a correlation between sequences of intermediate energy levels and biological activities. The range of biological activities associated with small changes in predicted energies illustrates the subtlety of the structure-activity relationships.
The protein backbone is kept invariant in the current implementation. The evolving core is located in the center of the helix-turn-helix DNA-binding motif of the repressor (Fig. 1) the calculated and experimental sequence spaces suggests that the restricted backbone movement is reasonable. Nevertheless, Fig. 3 shows that there are a number of underpredictions: sequences with high biological activities and bad energies located to the right of sc. These tend to have larger volumes and probably require some backbone movement in the real structure.
The modular formalism of the PROSE approach allows a number of problems in molecular design to be addressed in a unified manner. More sophisticated sampling methods such as backbone movements can be added by creating new search spaces linked together via relaxation mechanisms. Calculations need not be limited to the repacking of the interior of proteins but may include the redesign of substrate specificity or protein-DNA interactions. Large transition tables of a variety of chemical shapes, representing "structure space," could be used to devise ligands in rational, structure-based ligand design.
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